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Abstract 
Interest in integrating energy storage systems into the power grid has increased in Europe over the past decade due to 
strategies to overcome the intermittent nature of renewable electricity sources. One of these technologies is compressed 
air energy storage (CAES). The main purpose of this paper is to examine the technical and economic potential of CAES 
systems. In this work, two configurations a) Adiabatic Compressed Air Energy Storage (A-CAES); and b) Conventional 
Compressed Air Energy Storage (C-CAES) were modelled using the ECLIPSE suite of process simulation software. 
The nominal compression and power generation of both systems were given at 100MWe and 140MWe respectively. 
For each mode of operation an energy analysis was carried out. Energy use was calculated and compared for each 
system mode. Based on the results of mass and energy balances, an economic evaluation of the systems was conducted. 
Technical results showed that the overall efficiency of the A-CAES system would be 64.7%, considerably better than 
that of the C-CAES system at 52.6%. However it could be seen in the economic analysis that the breakeven electricity 
selling price (BESP) of the A-CAES system was 152€/MWh, much higher than that of the C-CAES system at 95€/MWh 
on average. 
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1. Introduction 
Given the challenges of climate change, there must be new methods that will help people to reduce 
greenhouse gas (GHG) emissions caused by the combustion of fossil fuels. Obviously, big reductions in 
GHG emissions would be achieved by increasing the amount of electricity generated through renewable 
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energy technologies and relying less on coal and natural gas. Wind power, as one form of renewable energy 
has grown a great deal in the past decade and offers the greatest potential for making carbon footprint 
smaller. To support wind turbine installation and operations many governments have put this as a top 
priority in their energy policy and provided many incentives to encourage the development and use of wind 
produced electricity [1]. Ireland has a very large potential wind energy resource and many appropriate 
locations for the expansion of wind energy facilities. Between 2007 and 2012 the all-island (AI) system 
saw a large increase in installed wind capacity from 900MW to 2100MW. By 2020 total AI wind power 
generation capacity is forecasted to be over 6000MW [2]. Large scale integration of wind generated 
electricity, however, raises problems in existing electricity grids. Due to their unpredictable and intermittent 
nature, wind turbines cannot be scheduled to meet steady electricity supply. Technically this variability 
causes supply imbalance, which will have an adverse impact on the operation of conventional power plants, 
thereby presenting substantial challenges to achieving relatively high penetration levels of wind energy in 
the electricity grid system. One attractive option, which is capable of coping with the increasing use of 
intermittent wind energy and has the potential to run the power generation system at constant output levels, 
is the Compressed Air Energy Storage (CAES) system. The CAES system uses cheap off-peak electrical 
energy to compress and store air in a large underground reservoir, which is released to generate electric 
power by running air expanders/turbines when the output from renewable energy sources is reduced or 
electricity demand is high, effectively providing a buffer to manage swings in energy demand and supply. 
Globally there are two operational CAES plants, one at Huntorf in Germany where a CAES plant of 
290MW capacity was commissioned in 1978, and another 110MW plant at McIntosh, Alabama in USA, 
which was constructed in 1991. 
The objective of this paper is to examine the technical and economic prospects of developing a CAES plant 
employing cavern storage excavated from the salt beds in the north east of Ireland. Ulster University (UU) 
is the lead partner in Project SPIRE (Storage Platform for the Integration of Renewable Energy), a research 
project funded by the Special EU Programmes Body (SEUPB). Cavern design data (including storage 
configurations, capacities and pressures) will be combined with technical and economic characteristics of 
existing and proposed CAES systems. To carry out this study, the process simulation software ECLIPSE is 
used. Modelling and simulation have been conducted for two configurations: Adiabatic Compressed Air 
Energy Storage (A-CAES); and Conventional Compressed Air Energy Storage (C-CAES). The 
fundamental process models making up the CAES systems are established and the necessary information 
for the process is identified. Based on design data and the results of simulation a techno-economic analysis 
of the process is carried out to evaluate the impacts of key parameters on the CAES systems. 
Nomenclature 
A-CAES adiabatic compressed air energy storage 
BESP  breakeven electricity selling price 
C-CARS conventional compressed air energy storage 
TES  thermal energy storage 
 
2. Materials and Methods 
2.1 Modelling Boundary Conditions and Scenarios 
To provide a consistent basis for evaluation and comparison, both C-CAES and A-CAES systems have 
been modelled and analysed under the same boundary conditions. Two types of CAES plants are assumed 
to be capable of providing a capacity of 140MWe during on peak periods. The compression units comprise 
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three-stage motor driven compressors with isentropic efficiencies of 84%. For the multi-stage compression 
each stage is assumed to have the same pressure ratio. The rated power consumption of the compressors 
for the given duty is assumed to be 100MWe. The cavern net available volume for compressed air storage 
is around 300,000m3. The outlet air temperature from the air storage is set to 40oC. As the air storage is 
charged by the compressors the pressure in the cavern ranges from 50 to 70 bar. To maintain a constant 
power output and help reduce stresses caused by pressure and mass flow variations from the cavern, the 
CAES turbines are operated at a constant inlet pressure of 45bar. The air turbine and motor-generator 
efficiencies are assumed to be 88% and 97%, respectively. In calculating the value of exergy the 
environment reference temperature and pressure are assumed to be 25oC and 1.013bar, respectively. 
Electric energy is assumed to be all convertible to work or exergy. The properties of the natural gas used in 
the conventional CAES plant are shown in Table 1 [3]. 
Table 1 Natural Gas Properties 
Component CH4 C2H6 C3H8 n-C4H10 CO2 N2 Lower Heating 
Value (MJ/kg) 
(% Vol/Vol) 90.0 5.0 3.0 1.0 0.5 0.5 48.43 
  
2.2 Process Description 
 
Figure 1 Adiabatic Compressed Air Storage (A-CAES) Process 
The A-CAES system, as shown in Fig. 1, is a technical concept of compressed air energy storage which 
uses no fuels and therefore delivers higher efficiency. Although many research and exploration activities 
have been carried out worldwide, no A-CAES plants have been built so far [4]. Typically the A-CAES 
system consists of four major components: motor driven compressors, air turbines/generator, the thermal 
energy storage (TES) system and an underground cavern for high pressure air storage. During off-peak 
hours ambient air is compressed and stored under pressure in the cavern. When electricity is required during 
peak load periods the pressurised air is released, heated up by the heat exchangers transferring heat from 
the TES, and then expanded in air turbines driving a generator for power generation. With the stored thermal 
energy the A - CAES system eliminates any need for natural gas and provides a zero-carbon footprint.  
 Y. Huang et al. /  Energy Procedia  105 ( 2017 )  4034 – 4039 4037
The C-CAES system is based on traditional equipment, e.g. motors, compressors and gas turbines. To 
date, there are two existing C-CAES plants in the world. The C-CAES process, as shown in Fig. 2, operates 
basically like an open cycle except that the compressor and gas turbine are not operated simultaneously. 
Unlike A-CAES plants the heat produced during the compression process is removed by intercoolers and 
then dumped into the atmosphere. The loss of this heat is then compensated by burning natural gas together 
with the compressed air in combustion chambers at the discharging stage. As a result the round trip 
efficiency of the C-CAES is lower than that of the A-CAES. Since the C-CAES needs to burn extra natural 
gas to raise the gas temperature the C-CAES does not offer a zero-carbon footprint but shows greater 
emissions reduction than a conventional gas turbine power plant. 
 
Figure 2 Conventional Compressed Air Energy Storage (C-CAES) Process 
3. Simulation Results and Discussion 
The proposed CAES plants, were modelled and simulated using the ECLIPSE process simulation 
package. The technical and economic results are summarized in Table 2.  
For the A-CAES option, the compression system was capable of delivering 6464 tonnes of compressed 
air. The total amount of electricity consumed for generating compressed air was 1082MWh. Since the 
compression process incorporated heat exchangers between multiple stages of compression, the total heat 
recovered from this process was 854MWh at 300oC. The A-CAES exported 700MWh of electricity during 
a period of 5 hours, resulting in a CAES plant efficiency of 64.7%. Without any fuel combustion processes 
involved the A-CAES offered zero carbon emissions, assuming that the required electricity for compression 
stages was also from renewable energy sources. As compared with 780g CO2/kWh from a modern 
pulverized coal power plant design, the A-CAES might avoid emissions of 109 tonnes of CO2 per hour. In 
the C-CAES system, the compression conditions are the same as the A-CAES due to using the same 
configuration. To achieve similar power outputs from expanders, the C-CAES extracted about 179kg/s of 
air from the carven coupled with 158MW thermal power input through the natural gas combustion process. 
This air flow rate would be less than 48% of the A-CAES required, making a significantly longer power 
generation interval. The C-CAES generated electricity of 1400MWh per day and required 1580MWh of 
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natural gas and 1082MWh of electricity, giving a CAES plant efficiency of 52.6% (LHV). With regard to 
the environmental performance, CO2 emissions from the stack were estimated in the simulation to be 229g 
CO2/kWh due to external natural gas combustion. 
The economic analysis was done to determine the BESP of electricity generated. Since economic results 
are too detailed to be discussed here, certain parameters have been selected to assess the technology. 
For the A-CAES system, the minimum required capital investment was about €127 million, including 
engineering procurement, construction, installation, working capital and 10% contingency, resulting in a 
specific cost of 907€/kWe. Using low cost electricity from the grid during off peak hours (i.e. between 
21:30 and 08:30), the average electricity cost for operating the compression system was calculated at €19.1 
million per year. When the capital expenditure (CAPEX) return of €14.0 million and an annual operating 
and maintenance cost of €5.8 million were taken into account, a BESP of 152€/MWh was estimated, which 
is much more expensive than electricity from the power grid. The main reason for the high BESP is that 
the A-CAES plant has a load factor of just under 21%. Assuming that the required electricity for the 
compression was also from renewable energy sources, if a carbon credit of 20€/tonne of CO2 was 
considered to offset CO2 emissions, the BESP could be reduced to 137€/MWh, equivalent to a 10% 
reduction. For the C-CAES system, the cost of the compressed air storage was the same as for the A-CAES 
due to using the same configuration and capacity. Taking all the cost components into account the minimum 
capital investment was given at €112 million (including 10% contingency), resulting in a specific cost of 
738€/kWe, which is €169 lower than that of the A-CAES. Considering the natural gas cost of 5.5€/GJ and 
an annual CAPEX return of €12.9 million to recover original capital investment, a BESP of 95€/MWh was 
required, which is 58€/MWh lower than that of the A-CAES plant due to its relatively high load factor 
(about 41.7%). Giving the same assumption as the A-CAES, if the C-CAES was still receiving a carbon 
credit of 20€/tonne of CO2 from the government, the BESP for the electricity generation would be 
84€/MWh. Clearly this figure would be compatible with the peak prices in the electricity market. 
Table 2 Technical and economic results of the CAES systems 
Technical performance A-CAES C-CAES Economic performance A-CAES C-CAES 
Carven Stored Air, Tonnes 6464 6464 CAES compressor cost (€k) 22,600 22,600 
Storage Pressure Level (Bar) 50-70 50-70 CAES expander cost (€k) 25,900 35,700 
Compression Power (MWe) 103 103 Heat exchangers cost (€k) 6,800 2,400 
Air Mass Flow (Charging) (kg/s) 171 171 Thermal energy storage cost (€k) 17,200 -- 
Compression Time (hours) 10.5 10.5 Compressed air storage cost (€k) 29,100 29,100 
TES Charging (MWh) 854 -- Total capital investment (incl. 
10% contingency) 
127,000 112,300 
Air Turbine Power Output, MWe 140 140 Specific capital cost (€/kWe) 907 738 
Air Mass Flow (Discharging) (kg/s) 354 181 Annual O&M and insurance (€k) 5,800 5,100 
Power Generation Time (Hours) 5 10 Annual off-peak electricity cost 
(€k) 
19,100 19,100 
TES Discharging (MWh) 820 -- Annual fuel (NG) cost (€k) -- 11,400 
Fuel Consumption, MWh (LHV) -- 1580 Annual CAPEX Return (€k) 14,000 12,900 
CO2 Emissions (g/kWh) -- 229 Break-even electricity selling 
price (BESP) (€/MWh) 
152 95 
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Average Round Trip Efficiency (%) 64.7 52.6 BESP (€/MWh) with the carbon 
credit of 20 €/tonne CO2 
137 84 
 
4. Conclusion 
Two types of plants have been modelled and simulated to assess the technical and economic viability 
of the production of power using off-peak electricity from the grid. From the results and discussion, the 
following points can be concluded: 
Both CAES options are potentially capable of supporting large scale grid operation. The efficiency of the 
A-CAES plant is much higher than that of the C-CAES plant. With assumed boundary conditions it was 
illustrated that the A-CAES requiring no supplementary fuel, offered zero CO2 emissions and the C-CAES 
also displayed a significant reduction of CO2 emissions, compared with fossil fuel power plants. The exergy 
analysis revealed that the highest exergy destructions occurred in the expanders and multi-stage 
compressors for the A-CAES while a majority of exergy losses took place in the combustors for the C-
CAES. The specific capital investment was found be very high for both system types, 907€/kWe for the A-
CAES and 738€/kWe for the C-CAES, but these figures are expected to fall in the near future due to 
technology developments. The BESP from both the A-CAES (152€/MWh) and C-CAES (92€/MWh) 
would be comparatively high. This presents a challenge in competing with electricity prices coming from 
large scale fossil fuel power plants. It was found that the BESP of the A-CAES and C-CAES was dominated 
by the impact of off-peak electricity costs. Where support from CO2 taxation to compensate for lower CO2 
emission levels (an assumed CO2-tax of 20 €/tonne) is applied, the economic performance of the two CAES 
plants would be improved. 
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